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We reﬁne the tephrostratigraphy and cryptotephrostratigraphy of the Middle Pleistocene deep-sea
sediments in the C9001C cores and reconstruct the age model of the cores to provide a standard stra-
tigraphy for the NW Paciﬁc Ocean area. In the lower half of the cores (corresponding to marine isotopic
stages [MISs] 9e18), we newly identify nine concentrations (spikes) of glass shards (numbered G17eG25
from top to bottom) below sixteen previously reported spikes (numbered G1eG16) in the upper half of
the cores (MISs 1e9). We correlated two spikes (both cryptotephras) with known widespread tephras:
G18 with Naruohama-IV (MIS 10d; 357 ka) and G19 with Kasamori 5 (MIS 12bec; 434e458 ka). Although
the two cryptotephra spikes cannot be distinguished by the major- and trace-element compositions of
glass shards, these correlations are based upon their stratigraphic occurrence within separate glacial
periods (MISs 10 and 12) as indicated by the d18O stratigraphy of the C9001C sequence. Based on the
stratigraphic positions of the Naruohama-IV and Kasamori 5 tephras, we assign the sediment units
corresponding to MISs 10, 11, and 12, and revise the previous assignment of core segments corresponding
to MISs 7, 8, and 9. The resulting tephra-based age model is consistent with the last occurrence of
Proboscia curvirostris, but it is inconsistent with the ﬁrst occurrence of Emiliania huxleyi. According to the
new age model, the sedimentation rate during MISs 18e2 has ranged from 0.21 m/ky (during MIS 17) to
0.74 m/ky (during MISs 8 and 9), however, the sedimentation rate was never as high as the rate of 1.1 m/
ky indicated by an earlier age model.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Deep-sea sediments, in some places, contain continuous records
of d18O ﬂuctuations, which provide a high-temporal-resolution
proxy record of cyclic climatic changes since 5000 ka or earlier
(Lisiecki and Raymo, 2005). The d18O stratigraphy of such sedi-
ments is a useful age indicator, particularly when used in combi-
nation with magnetostratigraphy, biostratigraphy, and
tephrostratigraphy. The amplitudes of d18O ﬂuctuations during thesu'ura).
tment, Secretariat of Nuclear
inato-ku, Tokyo 106-8450,
B.V. This is an open access article
, T., et al., Using tephrostratig
quences in northeast Japan (CBrunhes chron are higher than those during the Matuyama and
earlier chrons (Shackleton and Opdyke, 1973; Zachos et al., 2001;
Siddall et al., 2010). Therefore, continuous d18O records for the
Brunhes chron in deep-sea sediment cores have a temporal reso-
lution of about 20 kyears and can resolve substages within marine
isotope stages (MISs).
Along the northwestern Paciﬁc rim, several deep-sea sediment
cores with continuous d18O records have been reported, including
MD01-2422, off Shikoku Island, Japan (from MIS 10 to the present;
Ikehara et al., 2006), MD01-2398, Ryukyu Islands (from MIS 12 to
the present; Ujiie and Ujiie, 2006), and the V21e146 cores, north-
western Paciﬁc Ocean (from MIS 13 to the present; Hovan et al.,
1991). Furthermore, the deep-sea sediments of the C9001C cores,
obtained from the continental slope off Shimokita Peninsula,
northeastern Japan, by D/V Chikyu during its 2006 shakedownunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cords from MIS 18 to the present (Fig. 1b) (Aoike, 2007; Kobayashi
et al., 2009). The C9001C core sediments have been correlated with
MISs by magnetostratigraphic, biostratigraphic, and tephrostrati-
graphic analyses, as well as by using d18O of benthic foraminifera
(Domitsu et al., 2011; Matsu'ura et al., 2014). Thus, the C9001C
cores can provide a reference stratigraphy for the northwestern
Paciﬁc Ocean area, spanning almost the entire duration of the
Brunhes chron.
The initial age model for the C9001C cores, proposed by Aoike
(2007), was subsequently revised by new biostratigraphic ﬁnd-
ings (Domitsu et al., 2010, 2011). The 2011 revised agemodel for the
upper half of the cores is very strongly constrained by the occur-
rence of a nannofossil, namely, the ﬁrst appearance datum (FAD) of
Emiliania huxleyi (250 ka: Domitsu et al., [2010]). Recently, the 2011
nannofossil-stratigraphy-based age model for the period from MIS
9 to the present was revised again on the basis of tephrostratig-
raphy and cryptotephrostratigraphy (Matsu’ura et al., 2014).
Tephrostratigraphy and cryptotephrostratigraphy have proved to
be a powerful tool for reﬁning the age model of these cores, but
they have not yet been applied to the older half of the cores (cor-
responding to MISs 9e18).
Vitric tephra layers and cryptotephras detected as glass shard
concentrations in sediments are usually widespread tephras from
distant volcanoes (e.g., Machida and Arai, 2003; Lowe, 2011). Such
tephras are fairly well preserved in deep-sea sediments, but
petrographically similar tephras occasionally occur at several
stratigraphic positions in a core. As a result, it may be difﬁcult to
judgewhether they represent primary tephra layers or tephras that
have been reworked by post-emplacement processes such as bio-
turbation (Reineck and Singh, 1980) or redeposition (Lowe, 2011;
Cassidy et al., 2014), or tephras that have been duplicated by tec-
tonic folding and faulting or turbidity ﬂows, or even by duplicate
sampling of the same horizon during coring (Allan et al., 2008). In
fact, several pairs of petrographically similar tephras actually occur
in the C9001C cores; thus, to improve the agemodel, the coresmust
be carefully examined by integrating data from tephrostratigraphy,
d18O stratigraphy, magnetostratigraphy, and biostratigraphy
studies. An improved age model for these cores will be useful forFig. 1. Maps showing the locations of volcanoes and ocean drilling sites (a) in and around Ja
and location 1 outcrop on the Boso Peninsula are also shown in (a).
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tephras in NE Japan and for establishing the history of volcanic
eruptions and chronology of terraces in the same area. Moreover,
the techniques presented in this paper are applicable to deep-sea
sequences in other regions of the world where tephras are
common.
In this study, we investigate the C9001C cores, focusing on the
lower half of the cores corresponding to MISs 18e9, to reﬁne their
tephrostratigraphy and cryptotephrostratigraphy. We identify
tephra and cryptotephra horizons by examining concentrations of
glass shards and heavymineral grains in the cores. Thenwe analyze
the glass shard chemistry to identify juvenile tephras and establish
the tephrostratigraphy by correlating the juvenile tephras with
tephras described in sedimentary sequences on the Japanese
Islands. As a result, we detect and identify several important
cryptotephras, which we use to reassess the age model of the
C9001C cores.
2. Regional setting of the study area
The drilling site of the C9001C cores is on the continental slope
off northern Honshu at 1180 m water depth (41.177300N,
142.201350E; Aoike, 2007, Fig. 1b). Although the site lies in the
non-volcanic forearc, it also lies within the westerly wind belt,
thereforemany volcanoes are upwind of the site and it has received
tephras from both nearby and distant volcanoes during the Qua-
ternary (Suzuki et al., 2012; Hasegawa et al., 2014; Matsu'ura et al.,
2014). We consider nearby volcanoes to be those on northern
Honshu (Osore, Kita-Hakkoda, and Towada volcanoes) or Hokkaido
Island (Shikotsu and Toya volcanoes) (Fig. 1b) and distant volcanoes
to be those on central Honshu (Shiobara volcano), Kyushu Island
(Aso volcano) or on the Asian continent (Baekdushan volcano; also
spelled Baegdusan) (Fig. 1a).
3. Description of the C9001C cores
The C9001C cores record a 365 m long continuous marine
sedimentary succession that covers almost the entire Brunhes
chron (Kobayashi et al., 2009; Aoike et al., 2010). The cores havepan and (b) in northern NE Japan. The locations of the Takashima-oki in the Kinki area
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in ascending order. Sediments of the C9001C cores consist pre-
dominantly of olive-black to dark olive-gray, diatomaceous silte-
clay containing microfossils (Kobayashi et al., 2009, Fig. 2).
Calcareous nannofossils have been widely used as datum planes in
global marine sediment sequences, and the original depositional
ages of the C9001C cores are strongly constrained by calcareous
nannofossil stratigraphic ages, notably the FAD of Emiliania huxleyi
(250 ka) and the LAD of Pseudoemiliania lacunosa (451 ka) (Domitsu
et al., 2010, 2011). The original age model is consistent with the last
appearance datum (LAD) of Lychnocanoma nipponica sakaii (50 ka)
and the LAD of Neogloboquadrina inglei (600 ± 100 ka); however,
the ages were not constrained by the LADs of Proboscia curvirostris
(250e300 ka), Stylacontarium aquilonium (400 ka), or Axoprunum
angelinum (460 ± 40 ka) (Domitsu et al., 2010, 2011). The agemodel
of Domitsu et al. (2011; hereafter, the 2011 age model) was revised
from MIS 9 to the present by using tephrostratigraphy and cryp-
totephrostratigraphy by Matsu’ura et al. (2014; hereafter, the 2014
age model). The 2014 model is constrained by the ODP794 2H-2-
120 volcanic ash (mid-MIS 8; 274e283 ka) and the Shiobara-
Otawara (So-OT: mid-MIS 9; 320 ka) tephra, and it is now consis-
tent with the LAD of Proboscia curvirostris, a datum not used in the
2011 age model. However, the 2014 age model is inconsistent with
the FAD of Emiliania huxleyi, which is a very strong age constraint in
the 2011 age model.
4. Materials and methods
We obtained 1512 samples at 10 cm intervals from sections
21He40H (184.41e365.33 mbsf); thus, together with the 1680
samples obtained from sections 1He20H (Matsu’ura et al., 2014), a
total of 3192 samples were obtained from sections 1H (MIS 1) to
40H (MIS 18) of the archived halves of the C9001C cores (Fig. 2). We
also obtained samples of a widespread Middle Pleistocene tephra
(Kasamori 5 tephra: Sugihara et al., [1978]) from deep marine
depositional sequences in on-land outcrops on the Boso Peninsula
(Fig. 1a). All samples were sieved under running water through
disposable 0.125-mm and 0.0625-mm sieves, which were changed
between samples to prevent any contamination. The residues be-
tween 0.125-mm and 0.0625-mm were dried, embedded in resin,
and mounted on slides. We determined the grain assemblage by
point counting under a polarizing microscope.
To distinguish tephras and cryptotephras within the sediment
record, we ﬁrst picked out samples with a high glass shard con-
centration (more than 1500 glass shards per 3000 grains) relative
to the adjacent samples above and below (hereafter, high-
concentration samples are referred to as “spikes”). We then
randomly extracted 10e15 glass shards from each spike sample for
chemical analyses. The major-element compositions were analyzed
by using an energy-dispersive electron probe X-ray microanalysis
(EPMA) system (Horiba Emax Energy EX-250 or Horiba Emax
Evolution EX-270) at Furusawa Geological Survey. Major elements
weremeasured by scanning a 4 mm grid of the targeted grainwith a
counting time of 150 s (EX-250) or 50 s (EX-270), an accelerating
voltage of 15 kV, and a beam current of 0.3 nA. Different counting
times were used with the two EPMA systems because the sensi-
tivity of the detector differed between the systems. The ZAF pro-
cedure was applied to correct for atomic number, absorption, and
ﬂuorescence effects. Measurement data obtained by the EPMA
systems were also checked against measurements of the NIST 620
glass standard and a secondary standard glass (MPI-DING ATHO-G
provided from Max Planck Institut fuer Chemie) (Jochum et al.,
2006; Kuehn et al., 2011).
We also selected glass shards from two spike horizons of the
C9001C cores and from the Kasamori 5 tephra on the BosoPlease cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
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elements by laser ablationeinductively coupled plasmaemass
spectrometry (LAeICPeMS), using the deep-ultraviolet (200 nm)
femtosecond OK-Fs2000K LA system connected to a modiﬁed high-
sensitivity sector ﬁeld Element XR ICPeMS system (Kimura and
Chang, 2012) at JAMSTEC. The crater diameter and depth of the
analyzed sample were both 25 mm. The analytical conditions and
errors were essentially the same as those reported by Kimura et al.
(2015).
5. Stratigraphy and chemistry of the tephra-derived glass
shards and maﬁc minerals
Glass shards showed a constant (background) concentration of
50e100 per 3000 grains throughout the cores (Fig. 2). Spikes
G1eG16 in the upper half of the cores have been reported by
Matsu’ura et al. (2014), therefore we describe here only the newly
identiﬁed spikes, G17eG25, in the lower half of the cores (Fig. 2,
Table 1). Microscope photographs of the grains in the spikes are
shown in Fig. 3, and the major-element compositions of the glass
shards in each spike are shown in Table 2 and Fig. 4. Total alkali
silica diagrams, used to classify the glass shard chemistry (LeBas
et al., 1986), are shown in Fig. 5. High concentrations of glass
shards (spikes) occurred in core sections 23H (spikes G17 and G18),
27H (spike G19), 30e31H (spikes G20eG23), 33H (spike G24), and
39H (spike G25) (Fig. 2).
Orthopyroxene and amphibole grains showed a constant back-
ground concentration of 10e30 per 3000 grains throughout the
cores (Fig. 2). High concentrations of orthopyroxene grains, which
occurred in core sections 30He31H, 33H, and 38H, and are inter-
preted to correspond to eruptions of nearby volcanoes, rather than
distant volcanoes, which would likely supply only glass shards.
High concentrations of amphibole grains were not observed in the
lower half of the cores, except in sections 38H and 40H, in each of
which an amphibole spike occurred. Core section 38H contained
high concentrations of orthopyroxene and amphibole grains, but
not of glass shards; this result also supports the inference that
section 38H did not contain a distal tephra.
Spikes G17 to G23 occurred in the “silty clay” of Aoike (2007).
Spike G17 (210.84e210.94 mbsf) included 1562 glass shards. The
glass shards have bubble-wall junction type morphologies and
appear angular, characteristic of a widespread fall tephra. However,
the shards had a wide range of SiO2 and K2O values, possibly
indicating contamination from various sources. The majority of the
glass shards (11 of 15 shards; average K2O content, 3.11 wt.%) are
inferred to have originated from the underlying spike G18 (see
below); thus, spike G17 is regarded as a reworked tephra. Further
much of glass shards within sediments between spikes G17 and
G18 at 210.94e211.13 mbsf probably correspond to reworked ma-
terials from spike G18.
Spike G18 (211.13e211.22 mbsf) included 1832 bubble-wall
junction type and angular glass shards again, suggesting a wide-
spread fall tephra. Their K2O content was moderate (average,
3.17 wt.%), except for a single shard with a moderate to high K2O
content (3.67 wt.%).
Spike G19 (240.64e240.86 mbsf) included 2822e2893 bubble-
wall junction type and angular glass shards, indicating a wide-
spread fall tephra. The shards had amoderate K2O content (average,
3.22 wt.%).
Spike G20 (274.16e274.56 mbsf) included 1996e2226 glass
shards and 319e614 orthopyroxene grains. The glass shards are
vesicular and angular, indicating a fall tephra. Their K2O content
was low (average, 1.52 wt.%).
Spike G21 (274.86e275.06 mbsf) included 1633e2237 glass
shards and 373e743 orthopyroxene grains. The glass shards areraphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
Fig. 2. Stratigraphy, datum planes, tephra grain components, and the oxygen isotopic record of benthic foraminifera in the C9001C cores. Core lithology and microfossil datum
planes are from Domitsu et al. (2011). Tephra datum planes are from Matsu’ura et al. (2014) and this study. Glass shard spikes G1eG16 are from Matsu’ura et al. (2014), and spikes
G17eG25 are from this study. Correlations of d18O stratigraphy between C9001C cores and the LR04 benthic stack are those suggested by Matsu’ura et al. (2014) and Domitsu et al.
(2011). The LR04 benthic d18O stack is from Lisiecki and Raymo (2005). FAD, ﬁrst appearance datum; LAD, last appearance datum. The 36X core segment was lost, and the lowest
parts of the 29H, 34X, and 37X segments are void (Aoike, 2007).
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Table 1
Samples composing glass shard spikes G17eG25, component grain counts, and correlative tephras in the C9001C cores.
Sample number Horizon in core Depth (mbsf)b Grain component (/3000 grains) Spike ID Tephra
Glass shards Orthopyroxene Amphibole
1940 23H-7A 0e10a 210.84e210.94 1562 3 12 G17 Reworked G18
1943 23H-7A 30e40a 211.13e211.22 1832 6 7 G18 Naruohama-IV (Nh-IV)
2219 27H-2A 40e50 240.64e240.71 2893 0 6 G19 Kasamori 5 (Ks5; Minatojima-I)
2220 27H-2A 50e60a 240.71e240.79 2846 1 2
2221 27H-2A 60e70 240.79e240.86 2822 4 3
2512 30H-CCA 20e32.5 274.16e274.28 2042 319 0 G20
2513 31H-1A 0e10a 274.36e274.46 2226 614 0
2514 31H-1A 10e20 274.46e274.56 1996 598 0
2518 31H-1A 50e60 274.86e274.96 1633 373 0 G21
2519 31H-1A 60e70a 274.96e275.06 2237 743 0
2520 31H-1A 122e127a 275.58e275.63 2145 516 0 G22
2527 31H-2A 99e110a 276.44e276.52 2527 204 0 G23
2694 33H-2A 49e53.5a 293.68e293.72 1682 628 0 G24
3107 39H-CCA 30e40a 354.74e354.84 2661 6 4 G25
a Analyzed by energy dispersive X-ray spectroscopy.
b Samples were collected from the archived halves of the cores at 10-cm intervals, and then the depth interval was recalculated by referring to the section depth reported by
JAMSTEC.
Fig. 3. Photographs of tephra grains from the C9001C cores. Px denotes pyroxene grains. (a) Spike G17 (sample 1940). (b) Spike G18 (sample 1943). (c) Spike G19 (sample 2220). (d)
Spike G20 (sample 2513). (e) Spike G21 (sample 2519). (f) Spike G22 (sample 2520), (g) Spike G23 (sample 2527). (h) Spike G24 (sample 2694). (i) Spike G25 (sample 3107).
T. Matsu'ura et al. / Quaternary Geochronology xxx (2016) 1e17 5vesicular and angular, indicating a fall tephra. The shards had high
SiO2 (76.57 wt.%) and low K2O contents (average, 1.53 wt.%). One
glass shard had an abnormally high SiO2 content (78.09 wt.%) and a
very low K2O content (1.71 wt.%).
Spike G22 (275.58e275.63mbsf) included 2145 glass shards and
516 orthopyroxene grains. The glass shards are vesicular and
angular, indicating a fall tephra. The shards had high SiO2Please cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
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10.1016/j.quageo.2016.11.001(76.26 wt.%) and low K2O contents (average, 1.50 wt.%). One glass
shard had a notably lower SiO2 content (73.97 wt.%).
Spike G23 (276.44e276.52mbsf) included 2527 glass shards and
204 orthopyroxene grains. The shards are vesicular and angular,
indicating a fall tephra. The shards had high SiO2 (76.48 wt.%) and
low K2O contents (average, 1.51 wt.%). One grain had a notably
higher SiO2 content (78.25 wt.%) and a low K2O content (1.59 wt.%).raphy and cryptotephrostratigraphy to re-evaluate and improve the
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Table 2
Major-element compositions of glass shards from the C9001C cores and correlative tephras (normalized values).
G17 G18 G19 G20
Average 1SD Average 1SD Average 1SD Average 1SD Average 1SD
SiO2 76.93 0.18 78.30 0.83 77.00 0.20 77.81 76.97 0.24 76.61 0.35
TiO2 0.32 0.05 0.23 0.11 0.36 0.07 0.10 0.33 0.04 0.45 0.04
Al2O3 12.50 0.14 12.14 0.30 12.42 0.13 12.63 12.47 0.09 11.93 0.14
FeO 1.39 0.10 1.21 0.25 1.38 0.10 1.23 1.41 0.08 2.70 0.14
MnO 0.09 0.08 0.11 0.06 0.09 0.08 0.06 0.08 0.06 0.11 0.05
MgO 0.26 0.06 0.10 0.10 0.26 0.04 0.12 0.26 0.04 0.55 0.06
CaO 1.42 0.04 1.07 0.37 1.41 0.07 0.92 1.39 0.06 2.67 0.11
Na2O 3.97 0.08 3.86 0.16 3.92 0.11 3.46 3.87 0.07 3.46 0.05
K2O 3.11 0.07 2.98 0.72 3.17 0.07 3.67 3.22 0.14 1.52 0.06
Total 100.00 100.00 100.00 100.00 100.00 100.00
n 11 4 14 1 10 15
G21 G22 G23
Average 1SD Average 1SD Average 1SD
SiO2 76.57 0.29 78.09 76.26 0.28 73.97 76.48 0.33 78.25
TiO2 0.43 0.07 0.41 0.45 0.04 0.51 0.49 0.06 0.47
Al2O3 12.04 0.23 11.41 12.02 0.12 13.09 11.94 0.14 11.15
FeO 2.69 0.22 2.32 2.83 0.16 3.07 2.74 0.16 2.41
MnO 0.06 0.05 0.17 0.13 0.07 0.29 0.11 0.09 0.03
MgO 0.54 0.08 0.33 0.58 0.04 0.63 0.56 0.07 0.39
CaO 2.68 0.12 2.14 2.85 0.13 2.54 2.74 0.12 2.22
Na2O 3.46 0.08 3.41 3.39 0.06 4.29 3.42 0.04 3.48
K2O 1.53 0.05 1.71 1.50 0.06 1.60 1.51 0.06 1.59
Total 100.00 100.00 100.00 100.00 100.00 100.00
n 14 1 14 1 14 1
G24 G25 Aso-1 (ODP794 2H-2-17) B-Og (ODP794 2H-5-117) Ks5 (Boso Peninsula)
Average 1SD Average 1SD Average 1SD Average 1SD Average 1SD
SiO2 76.49 0.45 79.14 0.84 69.14 0.41 65.24 0.35 77.02 0.30
TiO2 0.48 0.07 0.19 0.07 0.64 0.10 0.44 0.09 0.30 0.00
Al2O3 11.98 0.30 12.00 0.61 15.44 0.26 17.29 0.38 12.98 0.20
FeO 2.74 0.19 1.28 0.19 3.25 0.11 3.74 0.52 1.24 0.10
MnO 0.11 0.05 0.09 0.07 0.11 0.09 0.15 0.11 0.05 0.00
MgO 0.56 0.05 0.20 0.07 0.41 0.11 0.08 0.12 0.24 0.00
CaO 2.74 0.17 1.45 0.25 2.11 0.12 1.21 0.14 1.21 0.10
Na2O 3.40 0.07 4.21 0.17 3.70 0.22 5.62 0.20 3.74 0.10
K2O 1.51 0.04 1.45 0.19 5.19 0.10 6.22 0.20 3.21 0.10
Total 100.00 100.00 99.99 99.99 99.99
n 15 15 10 10 39
Kb-Ks (ODP794 2H-7-61) Ka1 (OT26) Hkd-Ku (OT21) Ks5 (Sample 1e2) ATHO-G
Average 1SD Average 1SD Average 1SD Average 1SD Average 1SD
SiO2 75.02 0.43 78.30 0.20 78.50 0.20 76.99 0.15 75.83 0.18
TiO2 0.30 0.11 0.30 0.10 0.20 0.00 0.32 0.07 0.30 0.05
Al2O3 14.03 0.28 12.10 0.10 11.90 0.10 12.45 0.09 12.23 0.06
FeO 1.31 0.11 1.30 0.10 1.30 0.10 1.33 0.13 3.22 0.10
MnO 0.06 0.08 0.10 0.10 0.10 0.00 0.04 0.04 0.11 0.07
MgO 0.08 0.10 0.50 0.10 0.40 0.00 0.24 0.04 0.11 0.02
CaO 1.03 0.33 1.40 0.10 1.20 0.00 1.46 0.05 1.78 0.04
Na2O 3.92 0.15 2.20 0.10 4.20 0.10 4.00 0.09 3.58 0.05
K2O 4.24 0.10 3.90 0.10 2.20 0.10 3.17 0.08 2.83 0.05
Total 99.99 100.10 100.00 100.00 100.00
n 10 24 22 15 10
1SD, 1 standard deviation. FeO* refers to total iron.
Values of 1SD are in Italic.
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and 628 orthopyroxene grains. This spike corresponds to the “ﬁne-
grained vitric ash” of Aoike (2007). The shards are vesicular and
angular, indicating a fall tephra. The shards had high SiO2
(76.49 wt.%) and low K2O contents (average, 1.51 wt.%).
Spike G25 (354.74e354.84mbsf) included 2661 glass shards and
corresponds to the “silty clay” of Aoike (2007). The shards are ve-
sicular and angular, indicating a fall tephra. The shards had a highPlease cite this article in press as: Matsu'ura, T., et al., Using tephrostrati
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10.1016/j.quageo.2016.11.001SiO2 content (79.14 wt.%) and a low K2O content (average,
1.45 wt.%).
Seven of these glass shard spikes (excluding spikes G17
[reworked tephra] and G24) are invisible cryptotephras that have
not been reported previously. The glass shard morphology of G18
and G19 suggests that these spikes probably represent widespread
tephras because bubble-wall junction shards are associated with
co-ignimbrite plumes produced by highly explosive eruptionsgraphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
Fig. 4. Plots of major oxides against silica in glass shards. Data of ATHO-G (a secondary standard glass provided by the Max Planck Institut fuer Chemie) were obtained in our
laboratory.
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In contrast, G20, G21, G22, G23, and G24 may be relatively local
tephras, because their non bubble-wall andwall junction shards are
likely products of less explosive eruptions (Fig. 3deg). The medium
K2O content of the glass shards from G18 and G19 (3.17 and
3.22 wt.%, respectively) suggests that these tephras are not likely to
be products of volcanoes situated along the volcanic front in NE
Japan, which typically have K2O contents of 1.04e2.80 wt.% (Aoki
and Machida, 2006). In contrast, the low K2O content of the glass
shards in G20, G21, G22, G23, G24 and G25 (1.45e1.53 wt.%) in-
dicates that these layers most likely did originate from nearby
volcanoes situated along the volcanic front in NE Japan.Please cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
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6.1. Reported widespread tephras
In NE Japan, the Middle Pleistocene tephrostratigraphy is still
being constructed (Machida and Arai, 2003). Therefore, to identify
potential correlative layers, we review Middle Pleistocene tephras
reported from both deep-sea sediment sequences from the Japan
Sea (e.g., the ODP 794 cores) and marineeterrestrial sequences on
the Oga Peninsula. As a result, we identiﬁed six widespread tephras
as candidates for the tephras in the C9001C cores: Aso-1, Baek-
dushan-Oga (also spelled Baegdusan-Oga: B-Og), Kasamori 5 (Ks5),raphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
Fig. 5. (a) Total alkaliesilica diagram classifying the glass shards by their major-element compositions (normalized basis). Shard chemistries of Aso-1, B-Og, Ks5, Kb-Ks, Ka1 and
Hkd-Ku are from previous studies (see text). (b) Expanded view of the area within the dotted rectangle in (a).
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Kokumoto (Hkd-Ku) tephras, in descending stratigraphic order
(Table 3).6.2. Aso-1 tephra
The Aso-1 tephra erupted from the Aso caldera in central
Kyushu (Machida and Arai, 2003). Aso-1 has been found at the ODP
794 drill site in the Japan Sea basin (Shirai et al., 1997; Shirai, 2001)
and on the Oga Peninsula (Shirai and Tada, 2000) (Fig. 1), and it
could extend to the C9001C drill site. Aso-1 occurs in ODP 794 2H-
2-17 and above the B-Og horizon in the Shibikawa Formation on the
Oga Peninsula (Table 3). Glass shards in sample ODP 794 2H-2-17
have high Na2O (average, 3.70 wt.%) and high K2O (average,
5.19 wt.%) (Shirai et al., 1997). The eruption age of Aso-1 has been
estimated on the basis of its stratigraphic position as MIS 8.2 (ca.
255 ka) (Shirai et al., 1997). No glass shards obtained from the
C9001C cores have a chemistry similar to that of Aso-1 (Fig. 5).Please cite this article in press as: Matsu'ura, T., et al., Using tephrostrati
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10.1016/j.quageo.2016.11.0016.3. Naruohama IV tephra
The Naruohama-IV tephra (Nh-IV) is assumed to have erupted
from a volcano in the central Japan (Kimura et al., 2015). Nh-IV
occurs in terrestrial sediments in between two marine clay layers
corresponding to MISs 11 and 9 in the Middle Pleistocene Osaka
Group in the Kinki area and therefore its eruption age has been
assigned to MIS 10 (Miyakawa et al., 1996; Yoshikawa et al., 2000)
(Table 3). Based on the sedimentation rate chronology of the
Biwako Group in the Takashima-Oki core, Nagahashi et al. (2004)
estimated the eruption age of Nh-IV to be slightly younger than
344e349 ka. The glass shard chemistry of Nh-IV is very similar to
that of Ks5 (section 6.5), leading Satoguchi and Hattori (2008) to
suggest that Nh-IV and Ks5 cannot be discriminated from each
other. Although Nh-IV has not yet been reported from NE Japan
(e.g., the Oga Peninsula), should it be found there, it would be ex-
pected to occur above Ks5, in line with the tephrostratigraphy of
the Osaka Group (Yoshikawa et al., 2000).graphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
Table 3
List of tephras from the Oga Peninsula, ODP 794 cores, and Kinki area, with their source volcanoes and eruptive ages.
Location or core Tephra name Abbreviation Local name Source volcano Eruptive age Notes References
Oga Peninsula Aso-1 Aso-1 Aso MIS 8.2 a, c, d
Baekdushan-Oga (Baegdusan-Oga) B-Og Baekdushan MIS 12 b, c, d
Kasamori 5 Ks5 Oga-Wakimoto Aira MIS 12 a, e, g
Kakinokidai 1 Ka1 Kitaura OT 26 Unknown MIS 17 Tentative correlation a, f
Hakkoda-Kokumoto Hkd-Ku Kitaura OT 21 Hakkoda MIS 19.1e18.4 a, g
ODP 794 cores Aso-1 Aso-1 Aso MIS 8.2 2H-2-17 a, b, d
Baekdushan-Oga (Baegdusan-Oga) B-Og Baekdushan MIS 12 2H-5-117 b, d
Kobayashi-Kasamori Kb-Ks Kobayashi Basin MIS 13.5 2H-7-61 a, b
Kinki area Naruohama-IV Nh-IV Central Japan? MIS 10 &344e349 ka h, i, j, k
Kasamori 5 Ks5 Minatojima-I Aira MIS 12 430e450 ka h, i, j, k
References: a, Machida and Arai (2003); b, Shirai (2001); c, Shirai and Tada (2000); d, Shirai et al. (1997); e, Suzuki and Fujiwara (1998); f, Suzuki et al. (2001); g, Suzuki et al.
(2005); h, Miyakawa et al. (1996); i, Yoshikawa et al. (2000); j, Satoguchi and Hattori (2008); k, Kimura et al. (2015).
T. Matsu'ura et al. / Quaternary Geochronology xxx (2016) 1e17 96.4. Baekdushan-Oga tephra
The Baekdushan-Oga tephra (B-Oga) erupted from the Baek-
dushan volcano on the Asian continent (Machida and Arai, 2003).
B-Og is present at the ODP 794 drill site in the Japan Sea, where it
forms the ODP 794 2H-5-117 ash layer (Shirai et al., 1997; Shirai,
2001), and on the Oga Peninsula, where it occurs within the Shi-
bikawa Formation (Shirai and Tada, 2000) (Table 3). B-Og may ex-
pected to extend to the C9001C drill site. Glass shards fromODP 794
2H-5-117 ash have very high Na2O (average, 5.62 wt.%) and very
high K2O (average, 6.22 wt.%) contents (Shirai et al., 1997). The
tephra's eruption age has been estimated as 443e448 ka on the
basis of its stratigraphic position in the ODP 794 cores (Shirai et al.,
1997; Shirai, 2001). B-Og does not correlatewith any glass shards in
the lower half of the C9001C cores because its reported glass shard
chemistry does not match that of any of the spikes in the cores.6.5. Kasamori 5 tephra
The Kasamori 5 tephra (Ks5) erupted from the Aira caldera in
southern Kyushu (Machida and Arai, 2003). Ks5 reached the Oga
Peninsula (Suzuki and Fujiwara, 1998), and it may have extended to
the C9001C drill site. Ks5 occurs within the Kasamori Formation
(hence its name) on the Boso Peninsula (Kawai, 1952), but the same
tephra is called the Minatojima-I tephra in the Kinki area, where it
occurs in terrestrial sediments below a marine clay layer in the
Osaka Group corresponding to MIS 11 (Miyakawa et al., 1996;
Yoshikawa et al., 2000) (Table 3). On the Oga Peninsula, Ks5 oc-
curs below B-Og within the Shibikawa Formation (Suzuki et al.,
2005; Kano et al., 2011). Ks5 glass shards have high Na2O
(average, 3.74 wt.%) and high K2O (average, 3.21 wt.%) contents
(Aoki and Machida, 2006). The eruption age has been estimated to
be 430 ka on the basis of the sedimentation rate chronology of the
Osaka Group in the Port Island core (Nagahashi et al., 2004).
However, because Ks5 is older than B-Og (443e448 ka), we esti-
mated its age to be 430e450 ka and highlight that the age estimates
for these two tephra layers require further consideration.
The glass shard chemistry of Ks5 reported by Aoki and Machida
(2006) is similar to the compositions of shards in G17, G18, and G19
(Fig. 5). Following our interpretation of G17 as a reworked tephra,
Ks5 must correlate with either G18 or G19. Furthermore, the MIS 12
age of Ks5 is in accordance with the occurrences of the G18 and G19
spikes within sediments correlated to glacial periods as indicated
by low d18O record in the C9001C sequence (Domitsu et al., 2011)
(Fig. 2). To conﬁrm the correlation of Ks5, we analyzed the major-
and trace-element compositions of glasses from G18, G19, and a
sample of Ks5 from the Kasamori Formation on the Boso Peninsula
using the same analytical procedure (see Section 7).Please cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
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The Kobayashi-Kasamori tephra (Kb-Ks) erupted from a volcano
near the Kobayashi basin in southern Kyushu (Machida and Arai,
2003). Kb-Ks reached the ODP 794 drill site in the Japan Sea ba-
sin, where it occurs as a fallout ash layer in the ODP 794 2H-7-61
deep-sea sediments (Shirai, 2001, Table 3). It therefore could extend
to the C9001C drill site. Its glass shards have high Na2O (average,
3.92 wt.%) and high K2O (average, 4.24 wt.%) contents (Shirai et al.,
1997; Shirai, 2001). An MIS 13.3 eruption age (ca. 520 ka) has been
estimated from the stratigraphic position of Kb-Ks in the ODP794
cores (Shirai, 2001; Machida and Arai, 2003). The glass shard
chemistry of Kb-Ks is not similar to that of any of the Middle
Pleistocene glass shards found in the C9001C cores (Fig. 5).6.7. Kakinokidai1 tephra
The Kakinokidai1 tephra (Ka1), which erupted from an un-
known volcano in NE Japan, may correlate with the OT 26 ash layer
on the Oga Peninsula, as suggested by the trace-element compo-
sition of its glass shards (Suzuki et al., 2001, Table 3). Glass shards
have a high SiO2 content (average, 78.3 wt.%), a moderate Na2O
content (average, 2.2 wt.%), and a high K2O content (average,
3.9 wt.%) (Suzuki et al., 2001). The glass shard chemistry of Ka1 is
not similar to the chemistries of any Middle Pleistocene glass
shards in the C9001C cores (Fig. 5).6.8. Hakkoda-Kokumoto tephra
The Hakkoda-Kokumoto tephra (Hkd-Ku) erupted from the
Hakkoda volcano in NE Japan, forms a fallout ash layer on the Oga
Peninsular, where it is known as OT 21 (Suzuki et al., 2005, Table 3).
The Hkd-Ku isopach pattern is circular around its source and is
widely distributed on Honshu Island (Suzuki et al., 2005), therefore
Hkd-Ku reached the C9001C drill site. Hkd-Ku glass shards have a
high SiO2 content (average, 78.5 wt.%), a moderate Na2O content
(average, 4.2 wt.%), and a low K2O content (average, 2.2 wt.%)
(Suzuki et al., 2005, Table 2). The heavy-mineral assemblage in
Hkd-Ku consists of orthopyroxene with minor clinopyroxene,
amphibole, and biotite (Suzuki et al., 2005). Based on the its
stratigraphic position of Hkd-Ku, the eruption has been estimated
to have occurred during the transitional period between MISs 19.1
and 18.4 (ca. 760 ka) (Suzuki et al., 2005). The glass shard chemistry
of Hkd-Ku is not similar to any glass shard chemistries in the
C9001C cores (Fig. 5).raphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
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tephras
Among theMiddle Pleistocene tephras reported in NE Japan, Ks5
offers the clearest possible correlative to tephra layers (G18 or G19)
within the C9001C cores. These three eruptions have similar glass
shard major element chemistry (sections 6.3 and 6.5). We therefore
compared our analytical results (major and trace elements of the
glass shards; see section 4) for the Ks5 tephra sample from the Boso
Peninsula with those for G18 and G19.7.1. Ks 5 tephra within the Kasamori Formation on the Boso
Peninsula
Ks5 is an ash layer in the uppermost part of the Kasamori For-
mation, uppermost part of the Kazusa Group which is a Middle
Pleistocene marine sequence (silt and sand) on the Boso Peninsula
(Tokuhashi, 2010). At location 1 (35.5012088N, 140.2849927E:
Fig. 1) within the Kasamori Formation (siltesilty sand), Ks5 consists
of a basal white-brown ﬁne ash layer, which is divided into lower
(6 cm thick; sample 1-1) and an upper (11 cm thick; sample 1e2)
part by a brown 2 cm thick band, and an overlying layer of beige
ﬁne ash (25 cm thick; samples 1e3 and 1e4) (Fig. 6). We selected
sample 1e2 for further chemical analysis because the shards
seemed fresher and better preserved than those in the other
samples. In addition to the glass shards, sample 1e2 contained very
small amounts of pyroxene and amphibole.Fig. 7. Plots of major oxides against silica in the glass shards in the G18 and G19 spikes
compared with data for Ks5 shards in sample 1e2 from location 1 and reported by Aoki
and Machida (2006).7.2. Major and trace elements of glass shards from Ks5, G18, and
G19
Themajor-element composition of the glass shards from sample
1e2 was characterized by high Na2O (average, 4.00 wt.%) and high
K2O (average, 3.17 wt.%) contents (Table 2, Fig. 7). In our analytical
result for Ks5, the Al2O3 and CaO contents do not match well with
their previously reported values (Aoki and Machida, 2006). How-
ever, in our result, the glass shard chemistry matches well with the
chemistries of G18 and G19with respect to all elements (Fig. 7). Ks5
thus correlates with either G18 or G19.
We also analyzed the major and trace elements of shards from
Ks5 (sample 1e2), G18 (sample 1943), and G19 (sample 2220) using
LAeICPeMS (Table 4). Kimura et al. (2015) previously evaluated theFig. 6. (a, b) Photographs of the Kasamori Formation in the outcrop at location 1. (a) Overview. (b) Close-up view of Ks5. Sampling horizons 1e4 (from bottom to top) are indicated.
(c) Columnar section of the outcrop.
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the results with those obtained with an energy dispersive EPMA
system. They found excellent agreement between the two
methods. In our results, themajor- and trace-element compositions
of the glass shards extracted from three samples were almost
identical within an analytical error of 1 sigma (Fig. 8). Furthermore
these shard chemistries are very similar with previously reported
chemistries of Nh-IV and Ks5 (Kimura et al., 2015). These results
show that two compositionally very similar cryptotephras (G18 and
G19) occur in different stratigraphic positions in the C9001C cores.
The G18 and G19 pairing corresponds to the Nh-IV and Ks5 pairing
in the Kinki area (Kimura et al., 2015, Table 3), therefore, G18 and
G19 can be reasonably correlated with Nh-IV and Ks5, respectively.
8. Discussion
8.1. Tephrostratigraphy and cryptotephrostratigraphy of the C9001C
cores: possible reasons for the occurrence of similar tephras in
different stratigraphic positions
In the upper half of the C9001C cores, spikes G1eG14 correlate
with widespread tephras as follows (Matsu’ura et al., 2014): G1
with Towada-Ofudo (To-Of: latest MIS 3,32 ka), G2with Shikotsu-
1 (Spfa-1: mid-MIS 3, 42e44 ka), G3 with Aso-4 (MIS 5b, 87 ka),
G4 with Toya (MIS 5d, 106 ka), G9 with White Pumice (WP: mid-
MIS 7, 220 ka), G12 or G13 with ODP794 2H-2-120 ash (mid-MIS
8, 274e283 ka), and G14with Shiobara-Otawara (So-OT:mid-MIS 9,
320 ka). Furthermore, in the lower half of the cores, we have newly
detected two visible tephras and seven cryptotephras as glass shard
concentration spikes G17eG25 (Fig. 2). We interpreted spike G17 as
a reworked tephra, because the SiO2 and K2O contents of the shards
varied over wide ranges, indicating possible contamination. Of the
remaining eight spikes, we correlated two spikes with previously-
known and dated tephras, on the basis of their glass shard chem-
istry: G18 with Nh-IV (MIS 10), and G19 with Ks5 (MIS 12) (Fig. 9).
The G18 and G19 cryptotephras, which we correlated here with
known widespread tephras for the ﬁrst time, provide useful con-
straints on the age model of the C9001C cores.
G18 and G19 cannot be discriminated from each other by their
glass shard chemistries (Figs. 4, 5 and 8), but on the basis of their
relative stratigraphic positions they can be correlated with Nh-IV
and Ks5, respectively. They occur in d18O horizons corresponding
to two different glacial periods, MISs 10 and 12 (Fig. 9).
Spikes G20, G21, G22, G23, and G24 (low-alkali shards, sources
unknown) share very similar glass shard chemistries but occur in
different horizons. Similar vitric tephras at different stratigraphic
positions are usually interpreted as individual tephras originated
from eruptions of different ages at the same volcano. However, it is
ﬁrst necessary to show that these spikes are indeed primary
tephras and not derived from the same tephra by reworking or
replication.
The upper boundary of a tephra layer that has been disturbed by
bioturbation is typically gradational with glass shard dissemination
into the overlying layer. Alternatively, the tephra may occur as
discontinuous lenses or as ﬁll in burrows (Lowe, 2011) within the
depth or thickness range of bioturbation (on the order of 101 cm;
Reineck and Singh,1980; Boudreau,1998; Suganuma et al., 2011). In
the case of bioturbation, because the glass shards are derived from
the primary tephra layer, the similar tephras and cryptotephras
usually occur in adjacent stratigraphic positions. Thus, bioturbation
might account for the G20 and G21, G21 and G22, and G22 and G23
pairs, because the members of each of these pairs are separated by
less than 0.8 m. In contrast, the thick (>1 m) sedimentation in-
tervals separating G18 and G19 (29.42 m) and G23 and G24
(17.16 m) are not consistent with bioturbation (Table 1).Please cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
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indicator of the origin of volcaniclastic deposits (Cassidy et al.,
2014). For example, the upper tephra in a pair of tephras may be
reworked from a part of the original tephra deposited on a topo-
graphic high. Therefore, we also judged whether the tephra had
been reworked by comparing the morphology of the glass shards
(their degree of elongation and angularity) in microscope images of
similar tephra pairs (Fig. 3). In this comparison, we did not consider
grain size sorting because we had artiﬁcially sorted the grain sizes
by sieving. Althoughwe did not obtain quantitative data, we did not
ﬁnd any clear evidence of a more rounded morphology between
the similar tephra pairs (G18 and G19, G21 and G22, G22 and G23,
and G23 and G24). The C9001C coring site is in the forearc basin,
about 100 km away from the nearest volcano, therefore we did not
expect the site to have received reworked glass shards with ho-
mogeneous chemistry transported by lahars or landslide-driven
turbidity ﬂows after volcanic eruptions.
The remaining possibility is that these pairs of tephras represent
duplicated sequences resulting from slumping, faulting, or folding.
Seismic proﬁles across the C9001C core site do not show any
deformation of the strata (Aoike, 2007), it is therefore unlikely that
deformation has occurred since their emplacement. Although local
deformation (slumping) would not necessarily appear in the
seismic record, no repeated vertical sequences indicative of such
deformation were found (Fig. 2). Therefore, we inferred that the
C9001C core records do not contain any duplicated sedimentary
sequences.
8.2. Re-examination of the age model of the C9001C cores
The 2011 age model of the C9001C cores (Domitsu et al., 2011)
was constructed on the basis of tephrostratigraphy and biostra-
tigraphy, and it was strongly constrained by the calcareous nan-
nofossil stratigraphy, in particular, the FAD and LAD of Emiliania
huxleyi and P. lacunosa, respectively (Fig. 10). The 2011 age model
indicates an unusually high sedimentation rate of 1.11 m/ky during
MIS 7. In their 2014 age model, Matsu’ura et al. (2014) revised the
segments corresponding to MISs 7, 8, and 9 by using the tephros-
tratigraphy, cryptotephrostratigraphy, and diatom stratigraphy
(LAD of Proboscia curvirostris); according to this model, the sedi-
mentation rate of the C9001C cores was roughly constant.
In this study, we correlated Nh-IV and Ks5 with G18 and G19,
respectively, on the basis of their glass shard chemistries (major-
and trace-element compositions; Figs. 7 and 8). Further, we showed
that the ages of Nh-IV (MIS 10, slightly younger than 344e349 ka)
and Ks5 (MIS 12, 430e450 ka) matched the positions of G18 and
G19, which occurred in different glacial periods as indicated by the
d18O stratigraphy of the C9001C cores (Fig. 9). By direct correlation
of these tephras with the d18O stratigraphy, we have inferred that
Nh-IV and Ks5 erupted duringMIS 10d andMIS 12bec, respectively,
corresponding to MIS 10.4 (357 ka) and MIS 12.2e12.3 (434e458
ka) of Bassinot et al. (1994). Taking into account the ages of these
two tephras, we reconsider the age model of the C9001C cores
(Table 5; Fig. 10). Our new tephra-based age model is consistent
with the LAD of Proboscia curvirostris but not with the FAD of
Emiliania huxleyi, in agreement with the 2014 model (Matsu’ura
et al., 2014).
In this new revision of the age model of the C9001C cores, we
reassigned the MIS 7/8 boundary to 132 mbsf (from 121 mbsf;
Matsu’ura et al., 2014) and we recognized three sea-level peaks
during MIS 7, corresponding to MIS 7a, 7c, and 7e (Fig. 9). We could
not clearly recognize the MIS 8/9 boundary between 150 and 170
mbsf, because we can discern no obvious difference in the d18O
ﬂuctuations marking the boundary between MIS 8 and MIS 9
(Table 5; Fig. 9). We also did not set control points fromMIS 13 to 15raphy and cryptotephrostratigraphy to re-evaluate and improve the
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Table 4
LA-ICP-MS analytical results for sample 1e2 (Ks5 at location 1, Boso Peninsula) and spikes G18 and G19.
Sample 1e2 (Ks5) G18 G19 Nh-IV Ks5
Element 1 2 3 4 5 6 7 8 AVG 1SD 1 2 3 4 AVG 1SD 1 2 3 4 5 AVG 1SD AVG 1SD AVG 1SD
SiO2 77.39 77.74 77.15 77.12 77.20 77.27 77.27 76.85 77.25 0.25 76.99 76.58 76.13 76.26 76.49 0.39 77.65 76.61 77.44 76.91 77.60 77.24 0.46 76.65 0.65 75.85 0.75
TiO2 0.298 0.304 0.311 0.300 0.297 0.310 0.319 0.330 0.309 0.011 0.307 0.309 0.328 0.320 0.316 0.010 0.309 0.310 0.307 0.317 0.314 0.311 0.004 0.291 0.009 0.318 0.013
Al2O3 11.96 11.86 12.29 12.17 12.49 12.49 12.27 12.52 12.26 0.25 12.23 12.48 12.90 12.97 12.64 0.35 11.92 12.72 11.95 12.34 11.83 12.15 0.37 12.88 0.42 13.42 0.66
FeO 1.43 1.45 1.47 1.44 1.39 1.43 1.41 1.46 1.43 0.03 1.53 1.50 1.60 1.56 1.55 0.04 1.42 1.43 1.43 1.48 1.43 1.44 0.02 1.41 0.04 1.49 0.11
MnO 0.0499 0.0556 0.0535 0.0507 0.0501 0.0599 0.0495 0.0513 0.0526 0.0036 0.0509 0.0519 0.0525 0.0530 0.0521 0.0009 0.0507 0.0516 0.0499 0.0515 0.0524 0.0512 0.0010 0.045 0.001 0.0512 0.0018
MgO 0.26 0.26 0.27 0.26 0.26 0.27 0.27 0.27 0.27 0.01 0.27 0.27 0.29 0.26 0.27 0.01 0.26 0.28 0.26 0.27 0.25 0.27 0.01 0.26 0.01 0.29 0.01
CaO 1.26 1.14 1.18 1.21 0.92 1.09 1.18 1.11 1.14 0.10 1.43 1.48 1.21 1.12 1.31 0.17 1.32 1.23 1.33 1.23 1.24 1.27 0.05 1.31 0.05 1.30 0.08
Na2O 4.22 4.32 4.09 4.16 4.19 4.10 4.13 4.19 4.18 0.07 4.18 4.12 4.38 4.44 4.28 0.15 4.12 4.36 4.18 4.40 4.29 4.27 0.12 4.05 0.11 4.16 0.16
K2O 3.09 2.83 3.16 3.25 3.14 2.94 3.05 3.17 3.08 0.14 2.99 3.16 3.08 2.98 3.05 0.09 2.93 2.98 3.02 2.97 2.96 2.97 0.03 3.05 0.07 3.09 0.09
P2O5 0.039 0.043 0.041 0.041 0.070 0.036 0.033 0.036 0.042 0.011 0.035 0.041 0.036 0.035 0.037 0.003 0.028 0.031 0.032 0.033 0.034 0.031 0.002 0.036 0.005 0.042 0.004
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Sc 7.8 8.0 9.4 7.7 9.2 9.5 9.7 7.9 8.6 0.9 9.1 8.5 8.7 9.5 9.0 0.5 8.5 9.9 8.3 9.1 8.6 8.9 0.6 7.9 0.6 9.3 0.9
V 13.3 13.0 13.3 13.6 12.3 12.9 13.1 14.3 13.2 0.6 13.0 13.9 15.0 13.0 13.7 0.9 12.8 12.8 13.5 13.5 14.1 13.3 0.5 12.4 0.4 14.0 1.5
Cr e 2.7 13.2 8.7 23.3 e 5.7 e 6.0 9.1 3.6 28.3 13.8 1.1 11.7 12.4 e 2.5 1.8 5.2 8.8 3.3 4.0 3.9 3.4 1.9 2.1
Co 1.14 2.52 1.68 1.25 0.82 2.21 1.21 1.09 1.49 0.60 1.07 1.29 1.32 1.45 1.28 0.16 1.00 1.10 1.14 1.14 0.96 1.07 0.08 1.06 0.21 1.12 0.18
Ni 2.3 8.2 9.1 0.0 e 2.5 e 2.4 2.8 3.8 e e 6.7 10.9 2.8 7.1 e 3.5 e 2.9 2.0 1.4 2.0 e - e -
Cu 4.9 5.7 4.7 4.3 3.0 5.6 3.6 4.8 4.6 0.9 5.6 5.9 4.4 5.6 5.4 0.7 4.3 4.3 3.8 3.8 4.6 4.2 0.3 5.9 3.7 5.6 0.7
Zn 31.6 30.6 30.9 29.7 30.0 29.4 31.5 31.6 30.7 0.9 33.6 27.7 34.4 33.5 32.3 3.1 30.4 26.6 31.9 32.2 33.9 31.0 2.7 35.0 25.9 29.4 5.8
Ga 15.3 15.6 14.9 15.9 15.0 14.7 14.4 15.7 15.2 0.5 15.5 14.9 16.4 15.5 15.6 0.6 22.0 15.4 15.0 15.5 15.3 16.6 3.0 13.6 0.4 15.6 0.6
Rb 108 105 107 106 105 102 105 107 106 2 105 107 110 111 109 3 106 107 107 111 106 107 2 106 3 106 4
Sr 85.1 83.1 88.5 90.7 79.3 85.1 85.1 86.4 85.4 3.4 87.0 88.4 87.3 90.0 88.2 1.4 81.4 83.0 81.3 86.5 83.8 83.2 2.1 88.1 3.5 90.6 3.8
Y 40.7 39.9 42.8 43.4 45.4 41.9 41.3 42.5 42.2 1.7 41.5 42.0 40.0 43.3 41.7 1.4 38.6 42.0 39.9 40.3 38.9 40.0 1.3 34.9 1.7 46.5 3.2
Zr 243 242 251 259 260 252 243 248 250 7 253 258 246 263 255 7 235 248 231 255 244 243 10 225 9 268 18
Nb 9.48 9.42 9.47 9.53 9.47 8.93 9.63 9.74 9.46 0.24 10.07 9.48 9.60 9.98 9.78 0.29 9.37 9.57 9.25 9.86 9.78 9.57 0.26 8.28 0.43 9.37 0.36
Ba 429 419 425 438 416 440 421 435 428 9 434 424 427 442 432 8 411 438 398 418 416 416 15 444 14 429 22
La 20.6 20.1 21.6 21.5 22.0 21.8 21.1 21.1 21.2 0.6 21.0 21.7 20.3 22.3 21.3 0.9 19.9 21.7 19.0 21.3 21.0 20.6 1.1 20.5 1.1 22.4 1.5
Ce 45.1 46.1 48.7 46.2 46.1 46.6 47.0 48.4 46.8 1.2 46.4 45.6 46.8 49.3 47.0 1.6 45.9 46.7 45.3 49.2 47.7 46.9 1.5 44.2 1.7 51.0 4.2
Pr 5.45 5.37 5.76 5.65 5.67 5.72 5.96 5.70 5.66 0.18 5.85 5.53 5.56 5.99 5.73 0.22 5.56 5.63 5.46 6.26 5.38 5.66 0.35 5.06 0.19 6.06 0.39
Nd 22.2 21.7 23.7 22.6 24.6 23.3 23.3 24.9 23.3 1.1 24.0 22.5 24.0 23.7 23.5 0.7 22.9 24.7 22.9 22.6 24.0 23.4 0.9 21.4 1.0 26.0 1.7
Sm 5.30 5.15 4.92 5.89 5.82 5.39 4.57 5.89 5.37 0.48 5.82 5.58 5.93 5.35 5.67 0.26 5.13 5.58 5.35 6.03 5.11 5.44 0.38 4.76 0.36 5.60 0.56
Eu 0.84 0.81 0.88 0.85 0.84 0.82 0.84 0.92 0.85 0.04 0.86 0.84 0.89 1.10 0.92 0.12 0.88 1.15 0.85 0.85 0.91 0.93 0.13 0.66 0.10 0.94 0.10
Gd 6.05 6.07 5.76 5.36 6.13 5.50 6.22 6.33 5.93 0.35 4.83 6.70 5.40 6.07 5.75 0.81 5.97 5.87 5.80 5.07 5.67 5.67 0.36 4.80 0.70 6.41 1.02
Tb 0.98 0.91 0.91 0.85 0.86 0.91 0.86 1.08 0.92 0.08 0.83 0.89 1.16 1.11 1.00 0.16 0.91 1.12 0.96 0.85 1.08 0.98 0.11 0.81 0.08 1.05 0.11
Dy 6.76 5.91 5.81 6.78 5.53 6.59 6.83 6.88 6.39 0.54 6.50 7.02 6.62 6.99 6.78 0.26 5.94 6.90 6.93 6.39 6.97 6.63 0.45 5.57 0.40 7.40 0.65
Ho 1.42 1.37 1.39 1.41 1.51 1.59 1.48 1.43 1.45 0.07 1.28 1.52 1.42 1.53 1.44 0.11 1.38 1.44 1.40 1.32 1.38 1.38 0.04 1.17 0.09 1.62 0.14
Er 4.03 4.37 4.59 4.19 4.64 4.61 4.09 4.39 4.36 0.24 3.97 4.56 3.71 4.42 4.16 0.39 3.87 4.62 3.84 4.20 4.47 4.20 0.35 3.83 0.27 4.51 0.50
Tm 0.55 0.63 0.65 0.71 0.65 0.70 0.59 0.74 0.65 0.06 0.57 0.68 0.70 0.65 0.65 0.06 0.57 0.68 0.64 0.74 0.66 0.66 0.06 0.55 0.05 0.76 0.05
Yb 4.47 3.99 4.66 4.88 4.40 4.89 4.61 4.68 4.57 0.29 4.39 3.94 4.74 4.75 4.45 0.38 4.01 4.47 4.41 4.60 4.43 4.38 0.22 3.96 0.32 4.88 0.48
Lu 0.66 0.61 0.78 0.77 0.87 0.81 0.79 0.83 0.76 0.09 0.79 0.79 0.79 0.77 0.79 0.01 0.72 0.72 0.78 0.78 0.68 0.73 0.04 0.64 0.07 0.89 0.10
Hf 7.51 7.55 7.97 7.56 7.60 7.74 6.45 7.58 7.49 0.45 7.48 8.03 7.75 8.33 7.89 0.37 7.39 7.67 7.14 7.20 7.60 7.40 0.23 6.58 0.25 8.41 0.78
Ta 0.69 0.70 0.80 0.63 0.58 0.75 0.63 0.64 0.68 0.07 0.72 0.74 0.69 0.76 0.73 0.03 0.69 0.77 0.62 0.72 0.68 0.70 0.06 0.71 0.07 0.75 0.06
Pb 21.0 20.7 20.3 19.3 19.4 21.3 20.6 22.2 20.6 0.9 22.2 21.0 22.3 22.7 22.0 0.8 21.7 22.8 22.1 23.6 20.9 22.2 1.1 21.9 1.1 23.2 1.8
Th 8.66 8.07 8.85 8.75 8.68 8.83 8.44 8.63 8.62 0.25 8.43 9.05 8.74 9.07 8.82 0.30 8.63 8.95 8.04 9.26 8.45 8.67 0.47 9.66 0.37 10.09 0.79
U 2.10 2.10 2.24 2.39 2.12 2.22 2.20 2.30 2.21 0.10 2.23 1.95 2.36 2.47 2.25 0.22 2.13 2.26 2.17 2.52 2.16 2.25 0.16 2.27 0.13 2.25 0.11
Major-element values are reported as wt.%, and trace-element values are reported as ppm. Data of Nh-IV (Naruohama-IV) and Ks5 (Kasamori 5) are from Kimura et al. (2015). AVG, average; 1SD, 1 standard deviation.





















































Fig. 8. Multi-element plot of tephra samples analyzed by LA-ICP-MS. The inset shows the rare earth element data. All values are normalized by primitive mantle values (Sun and
McDonough, 1989). Error bars indicate 1 standard deviation. Data of Nh-IV and Ks5 from Kimura et al. (2015) are also shown.
T. Matsu'ura et al. / Quaternary Geochronology xxx (2016) 1e17 13because we did not have any time marker (tephra) within that in-
terval. Further, the amplitudes of the reported d18O ﬂuctuations
fromMIS 13 to 15 are relatively small compared with those of other
periods (e.g., Bassinot et al., 1994), so glacial and interglacial periods
are difﬁcult to distinguish. In the revised age model, the sedimen-
tation rate during MIS 2e18 varies from 0.21 m/ky (MIS 17) to
0.74 m/ky (MISs 8 and 9), but it never reaches the rate of 1.1 m/ky
indicated by the 2011 age model (Domitsu et al., 2011) (Table 5).
The faster rate of 0.8 m/ky during MIS 1 is probably due to the
sediments near the seaﬂoor being poorly consolidated.
In the revised age model of this study, the ages of G9, G12, G13,
and G14 are younger than previously estimated ages: G9 was
revised from mid-MIS 7 (220 ka; Matsu’ura et al., 2014) to MIS 7b
(205e210 ka); both G12 and G13 were revised from mid-MIS 8
(274e283 ka; Matsu’ura et al., 2014) to mid- to lateMIS 8 (255e260
ka); and G14 was revised from mid-MIS 9 (320 ka; Matsu’ura et al.,
2014) to early MIS 8 (ca. 275 ka) (Fig. 9). Either G12 or G13 could
correspond to ODP 794 2H-2-120, which occurs about 100 cm
below Aso-1 (late MIS 8, 255 ka; Shirai et al., 1997), therefore we
infer that both must be older than 255 ka. The upper age limit of
ODP 794 2H-2-120 ash is not well constrained because the ODP 794
cores do not have their own agemodel. Instead, ages in the ODP 794Please cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
Middle Pleistocene age model for marine sequences in northeast Japan (C
10.1016/j.quageo.2016.11.001cores were determined on the basis of correlations with the age
model established for the ODP 797 cores (Tada et al., 1992, Fig. 1a).
The age of ODP 794 2H-2-120 ash is thus estimated as 291 ka (Shirai
et al., 1997), corresponding roughly to MIS 8. The precise ages of
these three tephras (G12, G13, and ODP 794 2H-2-120 ash) needs to
be better constrained in the future, but the assignment in the
literature of their ages to MIS 8 is reasonable.
G14 correlates with So-OT (300e330 ka; Suzuki et al., 2004,
2012), and is thus used as an age control in the 2014 age model
(Matsu’ura et al., 2014). However this age estimate for G14 is
inconsistent with that calculated by the revised. The younger limit
of the So-OT age is controlled by a ﬁssion-track age with a large
uncertainty on minerals from the Tobiyama tephra (300 ± 130 ka;
Watanabe et al., 1999), therefore the age of So-OT may actually be
considerably younger than 300 ka. Furthermore, So-OT has not
previously been assigned directly to any MIS. Our revised age for
So-OT (MIS 8, ca. 275 ka) is within the error of the reported FT age.
8.3. Cross-checking the age model against global correlated age
indicators
The tephra-based agemodel generated in this study shows goodraphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
Fig. 9. Oxygen isotope stratigraphy in relation to tephras. (a) Kinki area, from Yoshikawa et al. (2000). (b) Boso Peninsula, from Yamaguchi et al. (2009) and Machida and Arai
(2003). (c) Oga Peninsula, from Kano et al. (2011). (d) C9001C cores. Substages mentioned in the text are indicated by lowercase letters. The MIS boundaries shown are control
points for the age model. Tephras were detected as glass shard spikes.
T. Matsu'ura et al. / Quaternary Geochronology xxx (2016) 1e1714agreement with the d18O stratigraphy, and is supported by roughly
constant sedimentation rate throughout the C9001C cores. To verify
the reliability of the age model, it must be cross-checked against
globally correlated stratigraphic indicators. In this case we use the
calcareous nannofossil stratigraphy, which provides important
control points for the agemodels of global deep-sea sequences (e.g.,
Thierstein et al., 1977). The age model of this study is consistent
with the stratigraphic positions of the LADs of L. nipponica sakaii,
Proboscia curvirostris, P. lacunosa and N. inglei but not with the FAD
of Emiliania huxleyi, the LADs of Stylacontarium acquilorium, and
A. angelinum (Fig. 10). The 2011 age model for the Middle Pleisto-
cene period was constrained by two nannofossil stratigraphic ages,
the FAD of Emiliania huxleyi and the LAD of P. lacunosa (Domitsu
et al., 2011). However, nannofossil stratigraphy may sometimes
be problematic because the stratigraphic ages of nannofossils can
vary between different ocean areas (Rafﬁ et al., 2006; Anthonissen
and Ogg, 2012). In Fig. 10, we have plotted the biohorizons (depth)
of the nannofossils in the C9001C cores against their reported
stratigraphic ages in various ocean areas (Domitsu et al., 2011).
The suggested stratigraphic position of the FAD of EmilianiaPlease cite this article in press as: Matsu'ura, T., et al., Using tephrostrati
Middle Pleistocene age model for marine sequences in northeast Japan (C
10.1016/j.quageo.2016.11.001huxleyi in the C9001C cores is 157.72e158.91 mbsf (Domitsu et al.,
2011), revised without explanation from the previously reported
position of 149.41e158.91 mbsf (Domitsu et al., 2010). The age
range of 265e291 ka for the FAD of Emiliania huxleyi, which is based
on the globally correlated model of Thierstein et al. (1977) and its
stratigraphic age in the Equatorial Atlantic and Equatorial Paciﬁc
Oceans and the Mediterranean Sea (Rafﬁ et al., 2006), is consistent
with our revised age model. However, the age of 250 ka from the
North Atlantic Ocean (Sato et al., 2009; Domitsu et al., 2010) is not
consistent.
Similarly, the suggested stratigraphic position of the LAD of
P. lacunosa in the C9001C cores is 240.71e242.14 mbsf (Domitsu
et al., 2011), revised without explanation from the previously re-
ported position (248.53e258.03 mbsf: Domitsu et al., 2010). The
age range of 436e458 ka for the LAD of P. lacunosa, based on the
globally correlatedmodel of Thierstein et al. (1977), its stratigraphic
age in the Equatorial Paciﬁc and Atlantic Oceans (Rafﬁ et al., 2006),
and an age of 451 ka from the North Atlantic Ocean (Sato et al.,
2009; Domitsu et al., 2010), is consistent with our revised age
model. The age for this datum of 467 ka from the Mediterraneangraphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
Fig. 10. Age versus depth plot of the C9001C core sediments, and sedimentation rates during MISs 1e18. Biostratigraphic ages of foraminifera, diatoms, and radiolarians are from
Domitsu et al. (2010). Stratigraphic ages of nannofossils collected in other ocean basins (Thierstein et al., 1977; Rafﬁ et al., 2006; Sato et al, 2009) at the biohorizons of the cores
(Domitsu et al., 2011) are also shown. FAD, ﬁrst appearance datum; LAD, last appearance datum.
Table 5
Control points for the d18O stratigraphy of the C9001C cores.
Domitsu et al. (2011) This study
MIS boundary Age (ka) Depth (mbsf) MIS Sedimentation
rate (m/ky)
MIS boundary Age (ka) MIS Depth (mbsf) Sedimentation
rate (m/ky)
1/2 14 11.21 1 0.80
2/3 29 20.91 2 0.65
3/4 57 37.10 3 0.58
4/5 71 45.69 4 0.61
5/6 130 69.97 5 0.41
6/7 191 98.15 6 0.46
7/8 243 155.73 7 1.11 7/8 243 7 132.00 0.65
8/9 300 180.93 8 0.44 e e e e e
9/10 337 201.71 9 0.56 9/10 337 8 & 9 202.00 0.74
10/11 374 222.48 10 0.56 10/11 374 10 222.48 0.55
11/12 424 236.53 11 0.28 11/12 424 11 236.53 0.28
12/13 478 250.63 12 0.26 12/13 478 12 250.63 0.26
13/14 533 287.03 13 0.66 e e e e e
14/15 563 299.87 14 0.43 e e e e e
15/16 621 318.62 15 0.32 15/16 621 13, 14 & 15 318.62 0.48
16/17 676 347.74 16 0.53
17/18 712 355.13 17 0.21
742 364.93 18 0.33
T. Matsu'ura et al. / Quaternary Geochronology xxx (2016) 1e17 15Sea (Rafﬁ et al., 2006) is slightly older than its age in our age model.
A cross-check of a tephra-based age model against nannofossil
stratigraphic ages should not use a single age datum from one
ocean area; rather, it should take into account the nannofossil age
variation amongst ocean areas. The FAD of Emiliania huxleyi (ca. 278
ka) estimated from our age model in the NW Paciﬁc Ocean is 13 kyPlease cite this article in press as: Matsu'ura, T., et al., Using tephrostratig
Middle Pleistocene age model for marine sequences in northeast Japan (C
10.1016/j.quageo.2016.11.001younger than the FAD in the Equatorial Paciﬁc Ocean (291 ka). On
the other hand, the LAD of P. lacunosa (ca. 440 ka) estimated from
our age model shows good agreement with the LAD in the Equa-
torial Paciﬁc Ocean (436 ka). Therefore, care must be taken when
using the FAD of Emiliania huxleyi, especially, as an age constraint
for marine sequences from the Paciﬁc Ocean.raphy and cryptotephrostratigraphy to re-evaluate and improve the
hikyu C9001C), Quaternary Geochronology (2016), http://dx.doi.org/
T. Matsu'ura et al. / Quaternary Geochronology xxx (2016) 1e1716The calcareous nannofossil stratigraphy in the NW Paciﬁc Ocean
was used to establish the age models of the ODP1209B cores on
Shatsky Rise (Bordiga et al., 2013) and the ODP 1150 cores off
Honshu (Motoyama et al., 2004, Fig. 1b). In the age model of the
ODP1209B cores, the age of the FAD of Emiliania huxleyi (268 ka;
Thierstein et al., 1977) is consistent with the d18O stratigraphy. To
date, however, the biohorizon and d18O stratigraphy have not yet
been cross-checked against other Middle Pleistocene age indicators
such as the widespread tephras in marine cores west of Shatsky
Rise (Suganuma et al., 2006). In the age model of the ODP1150
cores, unfortunately, the use of the FAD of Emiliania huxleyi and the
LAD of P. lacunosa is problematic because the FAD of Emiliania
huxleyi, reported by Motoyama et al. (2004) to be 248 ka, is
stratigraphically above and thus younger than the Aso-4 tephra (87
ka; Aoki, 2008). Further, the LAD of P. lacunosa (408 ka) is in a
younger stratigraphic position than the LAD of Proboscia curvirostris
(300 ka) (Motoyama et al., 2004). Thus, in these cores, the calcar-
eous nannofossil stratigraphy is inconsistent with both the teph-
rostratigraphy and the diatom stratigraphy. No cross-checks
between the Middle Pleistocene biostratigraphy and the tephros-
tratigraphy in the ODP 1150 cores have been reported in the liter-
ature, because the Middle Pleistocene tephrostratigraphy and
cryptotephrostratigraphy of those cores is not yet well established.
Therefore, the Middle Pleistocene tephrostratigraphy and crypto-
tephrostratigraphy of the ODP 1150 cores needs to be established
by future studies. In this effort, the identiﬁcation of the Nh-IV and
Ks5 pair is likely to be useful. Furthermore, because the d18O stra-
tigraphy of the ODP 1150 cores has not yet been determined, this
study of the C9001C cores is of particular importance for the inte-
gration of the tephrostratigraphy, biostratigraphy, and d18O stra-
tigraphy in NE Japan and for establishing a standard reference
stratigraphy for the Middle Pleistocene in the NW Paciﬁc Ocean
area.
9. Conclusions
We investigated Middle Pleistocene deep-sea sedimentary se-
quences in the C9001C cores, focusing on the lower half of the cores
(corresponding to MISs 18e9) and have reﬁned their tephros-
tratigraphy and cryptotephrostratigraphy. Our new Middle Pleis-
tocene age model of the cores provides a standard reference
stratigraphy for the NW Paciﬁc Ocean area. We ﬁrst counted glass
shards and heavy mineral grains in contiguous marine sediment
samples from the cores, and then analyzed the major-element
chemistry of glass shards from nine glass-shard spikes in the sed-
iments. These spikes (excluding a reworked tephra) correspond to
one visible tephra and seven cryptotephras. We also analyzed trace
elements in the glass shards of two of the spikes to obtain better
tephra correlations. Our main conclusions are as follows:
(1) We correlated two spikes (both cryptotephras) with known
dated tephras for the ﬁrst time: G18 with Naruohama-IV
(Nh-IV: MIS 10d, 357 ka) and G19 with Kasamori 5 (Ks5:
MIS 12bec, 434e458 ka).
(2) The major- and trace-element compositions of the glass
shards in spikes G18 and G19 were almost identical; thus,
these cryptotephras could not be discriminated on the basis
of their glass shard chemistry. Instead, we correlated them
with tephras on the basis of their stratigraphic positions and
their occurrence in different glacial periods (MISs 10 and 12)
in the d18O stratigraphy.
(3) The stratigraphic positions of the Nh-IV and Ks5 tephras
were used to assign the sediment units to their MISs (10, 11,
and 12), and thus to re-assign the core segments corre-
sponding to MISs 7, 8, and 9. Our new tephra-based agePlease cite this article in press as: Matsu'ura, T., et al., Using tephrostrati
Middle Pleistocene age model for marine sequences in northeast Japan (C
10.1016/j.quageo.2016.11.001model, like the 2014 age model, is consistent with the LAD of
Proboscia curvirostris but inconsistent with the FAD of Emi-
liania huxleyi. The ages of two tephras in the 2014 age model
are changed in our new age model: The age of G9 (White
Pumice tephra) has been changed from mid-MIS 7 (ca. 220
ka) to MIS 7b (205e210 ka), the ages of G12 and G13 (one of
which is ODP794 2H-2-120 ash) have been changed from
mid-MIS 8 (274e283 ka) to mid- to late MIS 8 (255e260 ka),
and the age of G14 (Shiobara-Otawara) has been changed
from mid-MIS 9 (ca. 320 ka) to mid-MIS 8 (ca. 275 ka).
(4) In our new agemodel, MISs 8 and 9 weremerged to calculate
the sedimentation rate because no clear boundary can be
seen in the d18O ﬂuctuations. MISs 13, 14, and 15 were also
merged, because, as reported in the literature, the ampli-
tudes of the d18O ﬂuctuations during these intervals are
small.
(5) In our age new model, the sedimentation rate during MISs
18e2 ranges from 0.21 m/ky (MIS 17) to 0.74 m/ky (MISs 8
and 9); the high rate of 1.1 m/ka, indicated by the 2011 age
model, is never reached.
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